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well	 as	 their	 competitive	abilities,	 in	 semi‐natural	 conditions	of	high	and	 low	 food	
availability.	Finally,	we	test	how	SMR	affects	early‐life	performance	at	high	and	low	
food	availability.	We	find	inconclusive	support	for	the	hypothesis	that	domestication	
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2011;	 Garcia	 de	 Leaniz	 et	 al.,	 2007;	O’Toole	 et	 al.,	 2015).	 Hence,	
when	 interbreeding	 with	 escaped	 farmed	 salmon	 causes	 genetic	
introgression	 into	 wild	 populations	 (Glover	 et	 al.,	 2013;	 Karlsson,	
Diserud,	Fiske,	&	Hindar,	2016;	Skaala,	Wennevik,	&	Glover,	2006),	








Both	 the	 reduced	success	of	 farmed	salmon	and	 their	descen-
dants	 in	nature,	and	the	negative	effect	of	 their	presence	for	pro-
duction	of	wild	salmon,	are	likely	related	to	genomic	and	phenotypic	




behavior,	 such	 as	decreased	 response	 to	predators,	 and	 increased	
aggression	 and	 social	 dominance	 (Einum	&	Fleming,	1997;	Houde,	
Fraser,	 &	Hutchings,	 2010a;	 Johnsson,	Höjesjö,	 &	 Fleming,	 2001).	
Decreased	 anti‐predator	 response	 poses	 an	 obvious	 disadvantage	
in	 nature	 and	 could	 contribute	 to	 the	 reduced	 success	 of	 farmed	
salmon	and	their	descendants.	On	the	other	hand,	rapid	growth	and	
aggressive	and	dominant	behavior	could	give	farmed	salmon	a	com-
petitive	advantage	 that	enable	 them	 to	displace	wild	 salmon	 from	
territories	with,	 for	 example,	 good	 feeding	opportunities	 and	may	
explain	the	finding	of	 reduced	production	of	wild	salmon	 (Fleming	
et	al.,	2000).
Standard	metabolic	 rate	 (SMR,	 defined	 as	 the	 energetic	 cost	
of	 self‐maintenance,	 reviewed	 in	 Burton,	 Killen,	 Armstrong,	 &	




cur	with	 conditions	 reported	 to	be	 advantageous	 for	 individuals	
with	 high	 SMR	 (Bozinovic	 &	 Sabat,	 2010;	 Derting,	 1989;	 Reid,	
Armstrong,	 &	 Metcalfe,	 2012).	 Conversely,	 organisms	 in	 habi-
tats	 with	 low	 food	 availability	 and/or	 predictability,	 conditions	
commonly	 found	 in	nature,	are	hypothesized	 to	evolve	 low	SMR	
(reviewed	 in	 Chown	 &	 Gaston,	 1999;	 Cruz‐Neto	 &	 Bozinovic,	
2004).	Additionally,	SMR	is	connected	with	a	suite	of	phenotypes	
similar	to	some	that	are	typical	for	farmed	salmon,	such	as	rapid	














food	access	 is	 typically	 less	 reliable	 and	 scarce	 (Glover,	 Solberg,	
Besnier,	 &	 Skaala,	 2018;	 Reed	 et	 al.,	 2015;	 Sundt‐Hansen	 et	 al.,	
2012).	 Hence,	 we	 hypothesize	 that	 the	 performance	 of	 farmed	







vation	 because	 of	 their	 energy‐demanding	 behavior.	 How	 food	
regime	 affects	 benefits	 versus	 costs	 of	 having	 high	 SMR	differs	
among	published	studies.	When	food	is	readily	available,	high	SMR	
has	been	reported	either	 to	be	advantageous	or	 to	have	no	per-




In	 this	 study,	we	 test	how	food	availability	affects	 the	success	
of	 offspring	 of	 farmed	 and	wild	 salmon,	 as	well	 as	 their	 competi-
tive	ability,	in	an	experiment	with	farmed‐wild	hybrids	and	pure	wild	
salmon	in	40	semi‐natural	streams.	We	manipulate	food	availability	
(high	 versus	 low)	 and	 competitive	 regime	 (allopatry:	 wild	 and	 hy-
brid	 juveniles	 alone	 versus	 in	 sympatry:	wild	 and	 hybrid	 juveniles	





doing	 so,	we	 also	 test	whether	 the	 previously	 found	negative	 im-
pact	on	early	survival	of	wild	offspring	inflicted	by	the	presence	of	
pure	 farmed	 salmon	offspring	 (Sundt‐Hansen,	Huisman,	 Skoglund,	
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(10	 of	 each	 sex,	 Supporting	 Information	 Table	 S1)	 from	 the	 River	
Surna	 (Central	Norway,	 63.06°N,	 9.14°E)	 that	were	 caught	 during	
broodstock	collection	in	autumn	2012.	Gametes	from	the	River	Imsa	
(Southwestern	Norway,	58.91°N,	5.95°E)	were	taken	from	22	adults	
(11	 of	 each	 sex,	 Supporting	 Information	 Table	 S1)	 caught	 during	
2013	in	a	fish	trap	when	they	returned	to	the	river	to	spawn.
Atlantic	 salmon	 from	 the	 Norwegian	 breeding	 company	
AquaGen	 were	 used	 as	 our	 farmed	 salmon	 representative.	 This	











Following	 stripping,	 gametes	 were	 kept	 on	 ice	 in	 plastic	 contain-
ers	enriched	with	oxygen	for	shipment	and	storage	until	all	crosses	
were	done	at	the	NINA	Research	Station	Ims	(hereafter	referred	to	
as	 “Ims”).	All	 fertilizations	were	performed	within	 the	same	day	 (8	
November	2012	and	29	November	2013).	Eggs	from	each	wild	and	
farmed	 female	were	 fertilized	with	 sperm	 from	 one	wild	 and	 one	
farmed	male	so	that	each	pure	wild	(ww)	and	pure	farmed	(ff)	fam-
ily	were	 half‐siblings	with	 two	 hybrid	 families;	 one	with	 a	 farmed	
mother	 and	 a	wild	 father	 (fw),	 and	 one	with	 a	wild	mother	 and	 a	







conduct	 two	 different	 sets	 of	 experiments:	 O2 consumption	 was	




Due	 to	 low	 fertilization	 success	 or	 high	 mortality	 at	 the	 egg	
or	 juvenile	 (alevin)	stage,	some	families	are	not	 represented	 in	 the	
experiments	 that	 constitute	 this	 study.	 See	 the	 descriptions	 of	
experiments	below	for	information	on	numbers	of	families	included	
in	the	different	parts	of	the	study.
2.2 | Measurement of embryo standard 
metabolic rate




from	all	 families	had	 their	SMR	measured	as	 the	 rate	of	O2	 con-
sumption	in	a	closed	system,	the	Surna‐AquaGen	material	during	
7–10	 February	 2013	 and	 the	 Imsa‐Aquagen	 material	 during	 26	
February	 to	 3	March	 2014.	 Total	 O2	 consumption	 in	 each	 sam-
ple	was	measured	with	a	micro‐cathode	oxygen	electrode	(model	







sealed	with	warm	wax	 and	 kept	 for	 2.2–4	hr	 at	 10°C.	 Sixteen	 sy-
ringes	were	not	loaded	with	embryos,	and	these	functioned	as	con-





Sixteen	 glass	 vials	 were	 used	 as	 controls.	 Vials	 were	 placed	 on	 a	
rotation	table	to	prevent	formation	of	O2	gradients	and	were	kept	
at	 10°C	 for	 2–2.5	hr.	 For	 both	 the	 Surna‐AquaGen	 and	 the	 Imsa‐
AquaGen	material,	the	O2	content	was	measured	by	inserting	water	


















for	 the	mean	 embryo	masses	 reported	 in	 Supporting	 Information	
Table	S1.	A	subsample	of	embryos	was	also	photographed	for	later	
















F2,	291	=83.31,	 p	<	0.001;	 Imsa‐AquaGen:	 r
2	=	0.31,	 F2,	184	=	41.64,	
p	<	0.001).	 Oxygen	 consumption	 and	 egg	 mass	 were	 log10‐trans-
formed	 prior	 to	 these	 regressions	 to	 linearize	 the	 relationship	 be-
tween	them	(Supporting	Information	Figure	S1).
2.3 | Survival and growth of juveniles in a semi‐
natural environment
To	examine	survival	effects	of	competition	between	wild	offspring	























type	 as	well	 as	 six	 from	 each	 of	 the	 two	 hybrid	 types	were	 used	
(Supporting	Information	Table	S2).	A	total	of	36	individual	juveniles	




spective	 families	 using	 SNP	 analyses	 (see	 description	 below).	 The	








hybrids	 (Supporting	 Information	 Table	 S2).	 In	 six	 additional	 repli-
cates,	 one	 individual	 had	 been	 able	 to	 move	 to	 the	 neighboring	
stream	channel	(identified	by	genetic	analyses).	These	six	individuals	
were	excluded	from	the	analysis	but	the	replicates	were	retained	as	
the	 loss	or	gain	of	one	 individual	would	have	 limited	effect	on	the	
remaining	individuals.
2.3.1 | Genotyping and parental assignment
We	 extracted	 total	 genomic	 DNA	 from	 the	 24	 broodfish	 used	
to	 make	 the	 Imsa‐AquaGen	material,	 as	 well	 as	 from	 942	 surviv-
ing	 juveniles	 using	 the	 DNeasy	 kit	 from	 Qiagen	 (Hombrechtikon,	
Switzerland).	Ninety‐six	SNPs	(Bourret	et	al.,	2013)	were	genotyped	




























selection	 procedure	 (Zuur,	 Ieno,	Walker,	 Saveliev,	&	 Smith,	 2009).	
Starting	with	a	full	model	fitted	with	maximum	likelihood	(ML),	fixed	




consecutively	until	 the	 removal	of	 further	 terms	 resulted	 in	an	 in-
crease	in	AIC	≥	2.
2.4.1 | Standard metabolic rate










where α is	the	intercept,	β are	fixed	factors,	b	are	random	factors	
and	ε	is	a	random	error.
2.4.2 | Juvenile performance in a semi‐natural 
environment—effects of competition, food 
availability and standard metabolic rate
Juvenile	survival	was	modeled	in	two	different	ways.	First,	we	tested	
whether	 there	were	differences	 in	survival	among	 the	 three	 types	
(ww,	fw,	and	wf)	and	if	any	such	effect	depended	on	food	availabil-
ity	 (high	 and	 low),	within	 each	 of	 the	 two	 competition	 treatments	
(allopatry	and	sympatry).	At	 the	same	time,	we	tested	 if	 the	mean	
family	mass‐specific	SMR	(family‐level	SMR)	or	mean	family	embryo	




















and	 its	 interaction	with	 F	 and	C.	 Random	 factors	 for	 family	 (fam)	
and	stream	channel	(ch)	were	also	included.	The	structure	of	these	 
models	was:
Variation	 in	 final	 mass	 among	 juveniles	 of	 different	 types	
was	modeled	 in	a	LMM	where	final	 individual	mass	 (FM,	 ln‐trans-
formed)	was	the	response	variable.	Family‐level	embryo	mass	(fEM,	
ln‐transformed)	was	 included	as	a	co‐variate	to	take	 into	account	





















The	main	effect	of	male	 type	was	 retained	 in	 the	model	 that	best	


































the	 Surna‐AquaGen	 embryos	 was	 not	 significantly	 influenced	 by	
whether	the	parents	were	of	farmed	or	wild	origin	(Figure	1b).
3.2 | Juvenile performance in a semi‐natural 
environment
3.2.1 | Differences in survival among wild and 
hybrid crosses within competition treatments
According	to	the	model	selection,	only	the	main	effect	of	the	food	
availability	 treatment	 influenced	 survival	 in	 allopatry.	 Thus,	 the	
survival	 of	 wild	 and	 hybrid	 juveniles	 did	 not	 differ	 significantly	
in	 allopatry	 but	 was	 significantly	 lower	 in	 the	 low	 food	 treat-







Z	=	2.41,	 p	=	0.02).	 There	was	 no	 significant	 difference	 in	 survival	
between	the	food	availability	 treatments	or	among	the	types,	and	
there	was	no	effect	of	family‐level	SMR.
3.2.2 | Differences in survival within wild and 




availability	 and	 family‐level	 SMR.	 According	 to	 this	 model,	 wild	
offspring	 had	 significantly	 lower	 survival	 when	 they	 competed	
with	either	of	the	hybrid	types	 (Table	1,	Figure	2)	than	when	they	
were	 in	 allopatry.	 Survival	 of	wild	 juveniles	 increased	 significantly	
with	increasing	mean	family	embryo	mass	(Table	1,	Figure	3a).	Also,	
the	 relationship	 between	 family‐level	 SMR	 and	 survival	 differed	
among	the	food	treatments	for	the	wild	families	(Table	1,	Figure	3b).	
Specifically,	families	with	high	SMR	had	lower	survival	than	families	




wild	 father,	 and	 those	 with	 wild	 mother	 and	 farmed	 father),	 the	
corresponding	 best	models	 included	 only	 the	main	 effect	 of	 food	
availability.	 According	 to	 these	 models,	 survival	 was	 significantly	
lower	 at	 the	 low	 food	 treatment	 (60.7%;	 50.5%)	 than	 at	 the	 high	
















Sympatry,	fw −1.48	±	0.45 −3.28 0.001
Sympatry,	wf −1.09	±	0.45 −2.40 0.016
Low	food −0.77	±	0.39 −1.97 0.049




Family	embryo	mass 79.57	±	22.67 3.51 <0.001
Hybrid with farmed mother (fw)
Intercept	(high	food) 1.78	±	0.41 4.31 <0.001
Low	food −1.35	±	0.58 −2.33 0.02
Hybrid with wild mother (wf)
Intercept	(high	food) 1.65	±	0.52 3.18 0.002
Low	food −1.63	±	0.80 −2.03 0.04






























niles	was,	 at	 least	partly,	 caused	by	genes	associated	with	 farmed	
salmon	since	it	prevailed	irrespective	of	whether	the	wild	juveniles	
competed	with	half‐siblings	 from	wild	or	 farmed	mothers.	That	 is,	












and	 in	allopatry	did	not	differ	between	 the	 food	availability	 treat-
ments.	Thus,	despite	 the	 farmed	salmon	strain	used	 in	 this	exper-
iment	 having	 adapted	 to	 high	 food	 availability	 for	 11	 generations,	
their	hybrid	offspring	were	able	to	perform	as	well	as,	and	even	out-
compete	wild	salmon,	under	low	food	availability.
The	 impact	of	 SMR	on	 survival	 among	wild	 families	depended	
on	food	availability.	At	high	food	availability,	 family‐level	SMR	had	
no	effect	on	survival,	while	at	low	food	availability	there	was	a	neg-
ative	 relationship	between	 family‐level	SMR	and	survival.	Thus,	 in	
accordance	with	 findings	 in	Bochdansky	et	al.	 (2005),	 there	was	a	













Estimate ± SE df T p‐value
Intercept 1.03	±	0.36 22.5 2.86 0.009
Family	embryo	
mass
0.72	±	0.16 19.4 4.5 <0.001
No.	of	juveniles −0.01	±	0.004 33.1 −3.80 <0.001






families	 that	 were	 stocked	 in	 the	 stream	 channels	 (fw:	 −0.071	 to	
0.007,	wf:	−0.025	 to	0.039)	 compared	 to	 that	of	 the	wild	 families	
(ww:	−0.035	to	0.091).	Moreover,	recent	findings	suggest	that	other	
traits	of	the	metabolic	phenotype,	such	as	maximum	metabolic	rate	







Under	 conditions	with	 high	 competition,	 the	 large	 juveniles	
that	hatch	 from	 large	eggs	often	have	a	 competitive	advantage	















were	 alone	 (allopatry)	 and	 in	 competition	 (sympatry)	with	 their	










fail	 at	 a	 later	 stage.	 Another	 plausible	 explanation	 for	 the	 lack	
of	difference	 in	hybrid	 relative	 to	wild	offspring	 survival	 in	 the	








We	found	no	difference	 in	growth	among	 the	 farmed‐wild	hy-
brids	and	 the	wild	 juveniles.	 It	 appears	 that	hybrid	offspring	were	





likely	 ascribed	 to	 higher	mortality	 in	 the	 low	 food	 treatment.	 The	
final	 number	 of	 individuals	 left	 in	 each	 stream	 channel	 had	 a	 sig-
nificant	 negative	 effect	 on	 body	mass.	 Thus,	 the	 per	 capita	 food	
availability	could	have	ended	up	similar	in	the	two	treatments.	The	




Our	 laboratory	 tests	 of	 the	 hypothesis	 that	 farmed	 Atlantic	
salmon	have	acquired	 increased	mean	 levels	of	SMR	compared	 to	
that	 of	wild	 salmon	 gave	 inconclusive	 results.	 Embryos	 of	 farmed	
males	had	significantly	higher	SMR	than	embryos	of	wild	males	 in	




ever,	 in	 line	with	 the	 previously	 reported	 finding	 that	 phenotypic	
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effects	 of	 farmed	 introgression	 vary	 among	 wild	 Atlantic	 salmon	
populations	(Bolstad	et	al.,	2017).
We	emphasize	that	the	methodology	we	employed	to	measure	







crease	at	a	 faster	 rate	than	 in	containers	containing	embryos	with	
low	SMR.	Thus,	if	a	more	precise	methodology	had	been	employed,	
















(QuantEscape	 [project	 number	 216105];	 NINA	 Strategic	 Institute	
Initiative	 “Interactions	 between	 aquaculture	 and	wild	 salmonids”),	
The	Norwegian	Environment	Agency	and	The	Norwegian	Institute	
for	Nature	Research.	This	study	was	conducted	in	accordance	with	
national	 animal	 care	 guidelines	 under	 license	 No.	 051	 granted	 by	
the	Norwegian	 Animal	 Research	 Authority	 to	 the	NINA	 Research	
Station	Ims.
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